T he use of fossil fuels represents a major contribution to many serious environmental issues, but the transition to clean energy sources remains challenging as new technologies mature. The release of SO 2 , for which anthropogenic sources account for >87% of global emissions 1 , has detrimental effects on the environment and human health, but SO 2 is also an important feedstock for sulfuric acid production. Furthermore, trace SO 2 can greatly reduce the activity of amine-based CO 2 scrubbers 2 and can irreversibly poison catalysts for selective NO x reduction 3 and CH 4 combustion 4 .
acid) (H 4 L; Fig. 1a, Supplementary Fig. 1 ) and Cu(NO 3 Single-crystal X-ray diffraction reveals that MFM-170•H 2 O•solv crystallizes in the cubic space group Im-3m to form a rarely observed (3,36)-connected net with txt topology (Fig. 1b-d) [32] [33] [34] . The interconnected void spaces in MFM-170 can be considered as three distinct cages, denoted cages A, B and C in Fig. 1e . The metal-organic cuboctahedra (cage A) has a diameter of 15.9 Å, comprising alternating triangular and square faces. Each square face of cage A connects to a cage B, which is formed by four V-shaped linkers bowing outwards to create a prolate pore (width 16.3 Å and length 22.2 Å). Cage C is the smallest of the three, connects with the triangular faces of cage A, and measures 12.8 Å between opposite triangular faces and 14.2 Å between opposite C atoms.
Thermal and chemical stability of MFM-170
Thermogravimetric analysis of MFM-170•H 2 O•solv shows thermal stability up to ∼620 K, which is also confirmed by variable temperature powder X-ray diffraction (PXRD) analysis ( Supplementary  Figs. 4 and 8 4 unit is occupied by a water molecule. The framework is constructed from a [Cu 24 (RC 6 H 3 (CO 2 ) 2 ) 24 ] cuboctahedron, which acts as a 36-connected node, joined in a cubic array to six adjacent cuboctahedra by four ligands each. The overall framework can be visualized as this smaller cubic net, which is connected to a secondary identical net via the 12 corners of the cuboctahedra via Cu-N bonds. Thus, each ligand is a three-connected node, with two isophthalate moieties that each connect an edge of a cuboctahedron, and one pyridyl N atom that joins a corner of a cuboctahedron. Supplementary Fig. 10 . To assess the long-term stability of MFM-170 to humid SO 2 and water, synchrotron PXRD data were collected for wet SO 2 -loaded MFM-170 samples every week for 10 weeks ( Supplementary Fig. 7 ). Neither loss of crystallinity nor change in the structure of this material was observed ( Supplementary Table 4 ), confirming the excellent chemical resilience of the framework. This is attributed to the unusual framework connectivity, whereby the axially coordinated pyridyl N donors interlock the two cubic nets and block one of the two axial Cu(ii) sites.
Analysis of gas adsorption isotherms
Desolvated MFM-170 possesses a Brunauer-Emmett-Teller (BET) surface area of 2,408 m 2 g −1 , consistent with the calculated surface area of 2,456 m 2 g −1 based on the single-crystal structure, and a pore volume of 0.88 cm 3 g −1 (calculated from the N 2 isotherm at 77 K; Supplementary Fig. 9 ), consistent with a pore volume of 0.87 cm 3 g −1 with solvent-accessible void space of 61%, derived from the singlecrystal structure. MFM-170 shows an SO 2 uptake of 19.4 mmol g −1 (or 1.24 g g −1 ) at 273 K and 1.0 bar. This represents a high SO 2 uptake capacity in porous materials, higher than MFM-601 (16.9 mmol g -1 ; ref. 15 ), MFM-202a (13.0 mmol g −1 ; ref. 18 ) and mesoporous silicate MCM-41 (11.6 mmol g −1 ; ref. 35 ) under the same conditions. The performance of state-of-the-art porous materials under ambient conditions is summarized in Supplementary Table 1 and Fig. 2 . MFM-170 exhibits an SO 2 adsorption capacity of 17.5 mmol g −1 at 298 K and 1.0 bar, which exceeds the current leading MOFs, such as MFM-601 (12.3 mmol g −1 ; ref. 15 ), SIFSIX-1-Cu (11.0 mmol g −1 ; ref. 16 ), [Zn 2 (L 1 ) 2 (bipy)] (10.9 mmol g −1 at 293 K; ref. 17 ) and Ni(bdc) (ted) 0.5 (10.0 mmol g −1 ; ref. 19 ). Furthermore, MFM-170 shows high SO 2 adsorption at elevated temperatures (11.6 mmol g −1 at 333 K and 1 bar; Fig. 3b ). The uptake of SO 2 in MFM-170 shows a reversible type I isotherm with high uptakes at low pressure ( Fig. 3 ): at 273 K the uptake at 0.03 bar is 6.5 mmol g −1 . Despite the high uptake at low pressure, the excellent reversibility of the SO 2 isotherms at 273-333 K indicates that MFM-170 can be fully regenerated under pressure-swing conditions. No loss of adsorption capacity of SO 2 was detected in MFM-170 after 50 adsorption-desorption cycles at 298 K (Fig. 4a ), and PXRD analysis of MFM-170 after these cycles confirms the full retention of the crystal structure ( Fig. 4b) .
To probe the effect of the OMSs on SO 2 uptake, isotherms were measured for the coordinatively saturated parent material, MFM-170•H 2 O, in which a water molecule is retained at the Cu(ii) site. The SO 2 isotherm of MFM-170•H 2 O at 273 K shows a reduced but still exceptionally high uptake of SO 2 (16.2 mmol g −1 ; Supplementary  Fig. 15 ). The difference in adsorption at 1.0 bar between MFM-170•H 2 O and MFM-170 corresponds to approximately twice the density of open Cu(ii) sites (1.46 mmol g −1 ), suggesting that OMSs have a key role in promoting SO 2 uptake.
MFM-170 shows an uptake of only 3.04 mmol g −1 of CO 2 , 1.33 mmol g −1 of CH 4 , 0.38 mmol g −1 of CO and 0.28 mmol g −1 of N 2 at 1 bar and 298 K ( Fig. 3a , Supplementary Figs. 11-14 ). The selectivities of MFM-170 for SO 2 /CO 2 , SO 2 /N 2 , SO 2 /CO and SO 2 / CH 4 were calculated from single-component isotherms at 298 K ( Supplementary Figs. 19 and 20 ). Owing to the negligible interaction of N 2 with the framework, MFM-170 exhibits a high selectivity of 944 based on ideal adsorbed solution theory (IAST) for an equimolar mixture of SO 2 /N 2 at 1.0 bar. MFM-170 also shows high selectivity values of 260, 203 and 35 for equimolar mixtures of SO 2 / CH 4 , SO 2 /CO and SO 2 /CO 2 , respectively. Considering the relatively low concentrations of SO 2 present in flue gas, decreasing the SO 2 /X ratio from 50:50 to 1:99 still affords high selectivity values for SO 2 / N 2 (260) and SO 2 /CO 2 (28) . These values are lower than those reported for SIFSIX-2-Cu-i (ref. 16 ), which possesses narrower pores than MFM-170.
Determination of the binding domains for adsorbed SO 2
The binding domains of SO 2 were studied using in situ synchrotron single-crystal X-ray diffraction. Structural analysis of desolvated MFM-170 confirms the complete removal of free solvents in the 0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 18
BET surface area (m 2 g -1 ) The primary binding site, 1, is situated on a three-fold rotational axis in the triangular window of cage A and has full occupancy ( Fig. 5b) . We sought to examine the most thermodynamically favoured site via controlled desorption of MFM-170•5.46SO 2 . Diffraction data collected for the sample under a dynamic vacuum at 298 K showed that almost all adsorbed SO 2 molecules were removed from the structure of MFM-170, leaving just the Cu(ii)-bound SO 2 (2) with an occupancy of 0.09. This confirms that the Cu(ii) site is indeed the thermodynamically strongest binding site, but is sufficiently weak to be almost entirely desorbed on reduction of pressure. Density functional theory (DFT) calculations indicated that for MOF-74(M) (M = Mg, Ni, Co, Zn), the sites with highest binding energies for SO 2 were located at the OMSs 36 . For MFM-170, the multi-site cooperative binding between SO 2 molecules ( Fig. 5c ) results in an optimal balance of high selectivity and excellent reversibility for SO 2 adsorption. Subsequent brief heating to 400 K fully regenerated MFM-170 without any loss of crystallinity.
Fig. 2 | Comparison of SO 2 uptakes of reported MOFs and covalent-organic frameworks (COFs
To Supplementary  Fig. 26 ). Clearly, the Cu(ii)-bound SO 2 (2) site is absent in MFM-170•H 2 O•3.27SO 2 , and since SO 2 (2) is a primary site of interaction for SO 2 (5), the latter was not located either. However, the structural analysis shows that saturation of the Cu(ii) sites in MFM-170 with H 2 O does not greatly reduce the SO 2 binding capacity.
in situ spectroscopic analysis of host-guest binding dynamics
In situ FTIR spectroscopic studies of MFM-170 as a function of SO 2 loading (Fig. 6a-c) show growth of a new peak at 1,143 cm −1 (Fig. 6c ) assigned to the ν 1 symmetric stretch of adsorbed SO 2 , which increases as a function of SO 2 partial pressure (ppSO 2 ). This symmetric band is redshifted from 1,152 cm −1 (Δ = −9 cm −1 ) for free SO 2 , confirming its interaction with the framework. A second new band, assigned to the ν 3 asymmetric stretch of adsorbed SO 2 , grows and redshifts from 1,340 cm −1 at 0.01 ppSO 2 to 1,320 cm −1 at 0.10 ppSO 2 (Fig. 6b) . These bands show larger shifts compared with those of gas phase SO 2 (Δ = −41 cm −1 at 0.10 ppSO 2 ), but are consistent with physisorption of SO 2 (refs. 37, 38 ).
Significant vibrational changes in the framework were also observed on SO 2 adsorption. The carboxylate ν as (COO) stretching mode at 1,658 cm −1 (Fig. 6a ) and the ν s (COO) stretching mode at 1,470 cm −1 (Fig. 6b ) of MFM-170 decrease in intensity and are redshifted to 1,648 cm −1 (Δ = −10 cm −1 ) and 1,462 cm −1 (Δ = −8 cm −1 ) at 0.50 ppSO 2 , respectively. This is distinct from the blueshifts of these bands observed in previously reported MOFs on SO 2 loading 19 , probably due to the lack of OMSs in those reported structures. Furthermore, a redshift (Δ = −16 cm −1 ) of the band at 1,595 cm −1 on SO 2 binding, assigned to the pyridine ring vibrational band ν(CC/ CN), suggests a weakening of the pyridine N-Cu coordination on SO 2 adsorption 39 .
In situ INS experiments were conducted for dry and wet MFM-170 to gain further insight into the dynamics of SO 2 binding ( Fig. 6d-f, Supplementary Figs. 22-24 ). Comparing the spectra of bare MFM-170 and MFM-170•H 2 O allows assignment of the water modes (Fig. 6d ). The peak observed at 8.3 meV in the bare MOF can be attributed to a lattice mode which, on SO 2 loading, increases in intensity and shifts to 9.2 meV, suggesting a stiffening effect in MFM-170 on SO 2 binding (Fig. 6e) . Overall, there is little change to the INS features of the MOF following SO 2 adsorption in MFM-170, indicating a moderate to weak host-guest interaction. Following SO 2 loading of MFM-170•H 2 O, notable spectral changes are observed, which are attributed to interactions between bound water and SO 2 molecules (Fig. 6f ). Subsequent activation of the SO 2adsorbed MFM-170•H 2 O at 373 K under vacuum removed all peaks assigned to water and led to a spectrum consistent with the dry, bare MOF, providing further evidence of the stability of the MOF to humid SO 2 ( Supplementary Fig. 22 ).
Dynamic breakthrough separation of SO 2 in MFM-170
To test the effect of humidity on SO 2 adsorption in MFM-170, dynamic breakthrough experiments were conducted using either dry or wet simulated flue gas mixtures (Fig. 3c) . Under dry conditions, breakthrough of SO 2 begins at dimensionless time τ = 420 and reaches a maximum by τ = 1,400. With the addition of 1.5% H 2 O, MFM-170 exhibits a slightly reduced SO 2 retention time at τ = 370. Three cycles of SO 2 breakthrough and desorption (Fig. 3c ) confirmed no significant deterioration in performance. To further investigate the separation ability for SO 2 /CO 2 , breakthrough experiments were carried out using simulated flue gas mixtures for a fully activated sample and a water-saturated sample of MFM-170 ( Fig. 3d ). For the dry sample, CO 2 is the first component eluted through the fixed bed and breaks through at τ = 14. In comparison, SO 2 is selectively retained by MFM-170 and breaks through much later (τ ≈ 350), with maximum output observed by τ = 1,450. After breakthrough of SO 2 , the packed bed was regenerated at 298 K under a helium flow, resulting in rapid desorption of both CO 2 and SO 2 . No more SO 2 was detected in the effluent stream when the temperature was subsequently increased to 423 K, indicating the complete regeneration of MFM-170 at 298 K. The ability of MFM-170 to separate SO 2 from CO 2 in the presence of water was confirmed by repeating the breakthrough experiments with a water-saturated fixed bed. The column was exposed to a stream of 3% H 2 O in He until breakthrough and saturation of water was observed. The subsequent breakthrough experiment demonstrated excellent SO 2 /CO 2 separation under these conditions (Fig. 3d ). While the breakthrough times were slightly decreased for both components compared with the times in the experiments under dry conditions, CO 2 is affected more severely with a much steeper breakthrough. Unlike the dry sample, a significant roll-up effect is observed for CO 2 under humid conditions, indicating a large displacement of weakly bound CO 2 by SO 2 , probably due to the formation of H 2 SO 3 complexes in the pore. This suggests that the SO 2 /CO 2 separation in MFM-170 could be enhanced under humid conditions. Breakthrough experiments were also conducted for activated MFM-170 at elevated temperatures of 323 K and 348 K ( Supplementary Fig. 25 ) to test suggested suitable temperature ranges for flue gas desulfurization processes 2,3 . A very clear separation between CO 2 and SO 2 is evident at both temperatures, but as expected, with reduced retention time.
Outlook
The development of efficient strategies to fully mitigate emissions of SO 2 and to achieve efficient SO 2 storage and safe transport remains a fundamental challenge for many industries and for power plants and marine transport sectors. All FTIR spectra were collected at 1.0 bar, using N 2 as a balancing gas. The fundamental ν 3 asymmetric stretch of gas phase SO 2 at 1,361 cm −1 saturates at low partial pressures in this experiment ( Supplementary Fig. 21) , and therefore the region of 1,400-1,300 cm −1 was monitored only up to 0. separation of SO 2 from simulated flue gas mixtures, even in the presence of water and at elevated temperatures.
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